In mammals, glucocorticoids (GCs) and their intracellular receptor, the glucocorticoid receptor (GR), represent critical checkpoints in the endocrine control of energy homeostasis. Indeed, aberrant GC action is linked to severe metabolic stress conditions as seen in Cushing's syndrome, GC therapy and certain components of the Metabolic Syndrome, including obesity and insulin resistance. Here, we identify the hepatic induction of the mammalian conserved microRNA (miR)-379/410 genomic cluster as a key component of GC/GR-driven metabolic dysfunction. Particularly, miR-379 was up-regulated in mouse models of hyperglucocorticoidemia and obesity as well as human liver in a GC/GR-dependent manner. Hepatocyte-specific silencing of miR-379 substantially reduced circulating very-low-density lipoprotein (VLDL)-associated triglyceride (TG) levels in healthy mice and normalized aberrant lipid profiles in metabolically challenged animals, mediated through miR-379 effects on key receptors in hepatic TG re-uptake. As hepatic miR-379 levels were also correlated with GC and TG levels in human obese patients, the identification of a GC/GRcontrolled miRNA cluster not only defines a novel layer of hormone-dependent metabolic control but also paves the way to alternative miRNA-based therapeutic approaches in metabolic dysfunction.
Introduction
The hypothalamic-pituitary-adrenal (HPA) endocrine axis is a critical physiological stress circuit to maintain body homeostasis during diverse situations such as trauma, exercise, or nutrient deprivation, mediated in major parts through adrenal glucocorticoid hormone (GC) action (Rose & Herzig, 2013) . In metabolic control, GC signaling acts as a major counter-regulatory system against insulin action, and states of either endogenous or exogenous GC deficiency or excess, for example, Addison's disease, Cushing's syndrome, or GC therapy, respectively, are characterized by severe perturbations in systemic energy metabolism that closely mimic aspects of the Metabolic Syndrome (Vegiopoulos & Herzig, 2007) . Indeed, aberrantly elevated GC activity and/or levels are discussed to be linked to the major components of the syndrome, including obesity, insulin resistance, hyperglycemia, and systemic dyslipidemia (Anagnostis et al, 2009 ). GC levels have been found to be elevated in insulin-resistant patients and are strongly associated with a hyperglycemic and fatty liver phenotype (Phillips et al, 1998) . In congruence to this, recent clinical trials using inhibitors of 11b-hydroxysteroid dehydrogenase type 1 (11b-HSD1), the key enzyme in pre-receptor GC generation, have been proven safe and effective in reducing hepatic liver fat content in obese humans (Stefan et al, 2014) , suggesting that GC can-at least in part-drive major aspects of metabolic dysfunction as associated with human obesity.
At the molecular level, GC action is mediated through the glucocorticoid receptor (GR), a member of the nuclear receptor transcription factor family (Opherk et al, 2004; Lemke et al, 2008) . In liver, numerous direct protein-encoding target genes of the GR have been identified by both classical and high-throughput chromatin recruitment studies (Wang et al, 2004) , mediating the GC/GR impact on hepatic gluconeogenesis, triglyceride (TG), and bile acid metabolism (Herzig et al, 2001; Lemke et al, 2008 : Rose et al, 2011 . In contrast to the well-described protein mediators of GC/GR metabolic action, additional layers of the GC/GR-dependent molecular network and mechanisms of metabolic fine-tuning still remain elusive.
Recently, a class of small non-coding RNAs (microRNAs, miRs) has emerged as a critical but as-yet largely unexplored layer of metabolic control. Indeed, individual miRNAs have been found to regulate diverse aspects of energy homeostasis, including pancreatic beta-cell insulin secretion, adipose tissue lipid storage, and hepatic cholesterol and lipid handling (Rottiers & Naar, 2012) . However, no miRNA targets of the endocrine GC/GR axis in metabolic dysfunction have been identified to date, prompting us to test the hypothesis that distinct miRNAs serve as molecular output effectors of the HPA-GC/GR metabolic control circuit.
Results
The miR-379/410 cluster represents a direct GR target in liver
To define GC/GR-dependent miRNA networks with immediate relevance in metabolic dysfunction, we initially performed large-scale miRNA expression profiling of livers from wild-type and db/db diabetic mice as a model for diabesity-related hyperglucocorticoidemia (Lemke et al, 2008) . A total of 36 miRNAs were found to be upor down-regulated more than twofold between these animals ( Fig 1A) . Next, we aligned this data set with a second miRNA signature, resulting from differential expression profiling between mice lacking the GR specifically in hepatocytes and controls (Rose et al, 2011) . Data cross-comparison revealed a set of 10 miRNAs that showed significant down-regulation in response to GR deficiency. Some of these miRNAs were simultaneously induced in obesityrelated diabetes (Fig 1A) , indicating that these miRNAs represent bona fide mediators of GC/GR-driven metabolic dysfunction. Intriguingly, 6 out of 10 GC/GR-targeted miRNAs are located in the miR-379/410 genomic cluster that is conserved between mammalian species (Glazov et al, 2008) , which resides on mouse and human chromosomes 12 and 14, respectively. Indeed, selective expression analysis verified the induction of five cluster members in db/db as well as in mice chronically treated with the GC analogue dexamethasone (DEX) by real-time PCR ( Supplementary Fig S1A) . The up to fourfold, GR-dependent induction of miR-379 in diabetic mice ( Fig 1B) and its relatively high abundance in liver ( Supplementary  Fig S1B) next prompted us to investigate the general importance of this regulation in other models of elevated GC action. To this end, we analyzed liver extracts from healthy New Zealand black (NZB) mice compared to New Zealand obese (NZO) mice, the latter representing a multigenic obesity model (Leiter & Reifsnyder, 2004) . In congruence with the hyperglucocorticoidemia in this model (Rose et al, 2010) , miR-379 expression was found to be elevated significantly when compared to corresponding controls ( Fig 1B) , thereby correlating with circulating corticosterone levels in these mice ( Supplementary Fig S1C) , supporting the hypothesis that particularly miR-379 is a key output of the GC/GR endocrine pathway under conditions of metabolic dysfunction. In support of this possibility, levels of miR-379 were consistently found to be diminished in models of GR deficiency, including both miRNA-induced (Rose et al, 2011) and genetic (Opherk et al, 2004) hepatocyte-specific GR deficiency ( Fig 1C and D, Supplementary Fig S1D) . Indeed, chromatin immunoprecipitation using GR-specific antibody experimentally verified the recruitment of the receptor to a binding site within the miR-379 promoter ( Fig 1E) . A similar result had been previously reported in GR Chip-sequencing data deposited in human genome database ( Supplementary Fig S1F) , suggesting that the miR-379/410 cluster represents a direct transcriptional target of the GR. To verify the functional significance of GR DNA binding to the miR-379 locus in vivo, we examined mice harboring a dimerization-defective GR mutant (GRdim) that impairs receptor DNA binding to full GREs (Opherk et al, 2004) . Wild-type mice chronically treated with DEX exhibited higher hepatic levels of miR-379 as compared with controls, while the genetic impairment of GR DNA-binding capacity in GRdim mice completely abrogated this effect (Supplementary Fig  S1A) , thereby validating a DNA binding-dependent regulatory function of the GC/GR pathway for miR-379 expression in the liver. Of note, DEX treatment of isolated primary mouse hepatocytes (Supplementary Fig S1E) and human liver slices ( Fig 1F) led to the induction of miR-379 irrespective of culture glucose levels (data not shown), demonstrating the cell autonomy of the observed effects. Cotreatment with the GR-antagonist RU-486 completely abolished the DEX effects, thereby confirming GR specificity ( Fig 1F) .
miR-379 silencing in liver affects circulating VLDL-TG levels
The identification of miR-379 as a direct target of GC/GR signaling with aberrant hepatic expression in diabesity prompted us to next explore the functional importance of miR-379 for hepatic and systemic energy homeostasis. To this end, we efficiently and specifically silenced miR-379 in the liver by locked nucleic acid (LNA) antisense technology in wild-type animals ( A Heatmap showing relative miRNA expression between wild-type (wt) and db/db mice (n = 4), and between mice treated with negative control (NC) and GR-specific miRNA recombinant adeno-associated virus (rAAV) (n = 4). Higher and lower expression is displayed in red and green, respectively. Commonly regulated miRNAs in the miR-379/410 cluster are shown in bold. Differentially regulated miRNAs are ≥ twofold, P < 0.05. B Quantitative miR-379 PCR levels in livers of db/db, New Zealand obese (NZO) mice, and corresponding controls-wt and New Zealand black (NZB) (n ≥ 4). Bar graphs show mean AE SEM; t-test: ***P < 0.001 or *P < 0.05. C Quantitative miR-379 levels in livers of db/db mice treated with control or GR-specific shRNA adenovirus (n = 5). Bar graphs show mean AE SEM; t-test: *P < 0.05. D Hepatic miR-379 levels as determined by RT-qPCR analysis in wt and hepatocyte-specific GR knockout mice (GR-AlfpCre) (n = 4). Bar graphs show mean AE SEM; t-test: ***P < 0.001. E Chromatin immunoprecipitation (ChIP) qPCR for validation of GR-binding regions (GBR) upstream miR-379 hairpin: 1 (À11,197 to À111,268), 2 (À21,021 to À21,135), and 3 (À26,761 to À26,793). Fold enrichment of GR-binding site occupancy relative to negative control, anti-HA. (n = 4). Bar graphs show mean AE SEM; t-test: ***P < 0.001. F miR-379 levels in human liver treated ex vivo with or without 1 lM RU486 and 0.1 lM DEX (n = 4). snoRNA-202 was used for normalization of miRNA levels. Supplementary Fig S2A and C) . While miR-379-specific LNA delivery had no influence on serum alanine aminotransferase (ALT) (Supplementary Fig S2B) , hepatic glycogen ( Supplementary Fig S2D) , TG ( Supplementary Fig S2E) , and serum cholesterol (Supplementary Fig  S2F) levels as well as glucose tolerance ( Supplementary Fig S2G) , miR-379 deficiency significantly lowered total serum TG levels Scrambled Control Anti-miR-379 LNA p=0.08
Serum TG, mM
Week 1 Week 2 A RT-qPCR analysis of miR-379 expression in C57Bl/6J (wt) mice treated with anti-miR-379 or scrambled control locked nucleic acid (LNA) (n = 5). Bar graphs show mean AE SEM; t-test: ***P < 0.001. B, C Serum triglyceride (B) and cholesterol (C) levels after 1 and 2 weeks of LNA treatment of same animals as in (A) under fed conditions. Bar graphs show mean AE SEM; ANOVA (with post hoc test): **P < 0.01 or *P < 0.05. D Triglyceride profiles of fast-protein liquid chromatography (FPLC)-fractionated serum of same animals as in (A). Very-low-density lipoprotein (VLDL) peak is indicated. E Serum triglyceride levels of wt mice overexpressing miR-379 or scrambled control miRNA via hepatocyte-specific rAAV vectors (n = 4). Bar graphs show mean AE SEM; t-test: *P < 0.05. F Triglyceride profiles of FPLC-fractionated serum of same animals as in (E). VLDL peak is indicated.
( Fig 2B) and tended to decrease total serum cholesterol ( Fig 2C) , indicating that hepatic miR-379 principally controls metabolism of circulating TG. Indeed, serum fast-protein liquid chromatography (FPLC) revealed that liver silencing of miR-379 robustly reduced levels of VLDL-associated TG, while only mildly lowering cholesterol lipoprotein loading ( Fig 2D, Supplementary Fig S2H) . Consistent with the role of elevated VLDL-TG as a major independent risk factor for cardiovascular complications in the Metabolic Syndrome and its tight association with insulin resistance (Nordestgaard & Varbo, 2014) , diminished VLDL-TG in miR-379 LNA-treated mice correlated with improved insulin sensitivity ( Supplementary Fig S2I) , inhibition of FOXO1 and phosphoenolpyruvate carboxykinase (PEPCK) ( Supplementary Fig S2J and K) , as well as consistent improvement in pyruvate tolerance ( Supplementary Fig S2L) , while blood glucose levels remained overall unaltered ( Supplementary Fig S2M) . To next determine whether elevation of hepatic miR-379 expression was sufficient to cause systemic dyslipidemia in a more chronic setting, we employed a recombinant adeno-associated virus (rAAV) delivery system allowing the expression of the miRNA specifically in liver parenchymal cells but not in other liver cell types for a period of several months (Rose et al, 2011) . Eight weeks after rAAV delivery, mice with hepatocyte-specific miR-379 overexpression ( Supplementary  Fig S2N) that did not affect serum levels of liver damage markers ( Supplementary Fig S2O) displayed significantly higher levels of serum TG associated with the VLDL fraction ( Fig 2E and F) but maintained normal cholesterol homeostasis ( Supplementary Fig S2P and Q) .
miR-379 acts through LSR-and LDLR-dependent hepatic lipid re-uptake
The observed regulation of serum VLDL-TG by miR-379 next prompted us to explore the mechanistic basis of this effect. Systemic TG metabolism is determined by the relative balance of hepatic and peripheral lipid uptake and release, correlating with de novo TG formation (lipogenesis) and fatty acid (FA) b-oxidation in the liver . In this respect, miR-379-specific LNA treatment of mouse hepatocytes had no influence on FA oxidation as determined by metabolic flux analysis ( Supplementary Fig S3A) . Also, adipose tissue-associated lipoprotein lipase activity ( Supplementary Fig S3B) and hepatic VLDL release were unaffected by miR-379 deficiency as compared to control littermates ( Supplementary Fig S3C) . In contrast, hepatic uptake of radiolabeled VLDL ( Supplementary Fig S3D) and orally administered labeled TG ( Fig 3A and B ) was significantly and specifically elevated upon miR-379 knockdown in both db/db and wild-type mice, respectively, suggesting that the control of circulating VLDL-TG by hepatic miR-379 is not predominantly conferred by alterations in hepatic or peripheral lipid synthesis or utilization pathways but rather relies on enhanced hepatic VLDL-TG clearance.
In congruence with this hypothesis, bioinformatic miRNA target gene screening ( Supplementary Fig S4A) revealed that miR-379 was predicted to bind genes involved in hepatic lipid (re-) uptake, most notably including the major hepatic lipid re-uptake transporters, lipolysis-stimulated lipoprotein receptor (LSR, Supplementary Fig  S3I) , and low-density lipoprotein receptor (LDLR, Supplementary  Fig S3J) (Ishibashi et al, 1993; Narvekar et al, 2009 ). Both, LSR and LDLR expression, have previously been found to be severely compromised in hypertriglyceridemic db/db mice, and liver-specific inactivation of both LSR and LDLR triggered the elevation of serum VLDL-TG in healthy wild-type animals by specifically preventing hepatic re-uptake of apolipoprotein B-associated TG from the circulation (Narvekar et al, 2009; Foley et al, 2013) .
In line with the in silico predictions, LNA-mediated miR-379 silencing led to the up-regulation of hepatic LSR and LDLR protein expression in wild-type animals ( Fig 3C, Supplementary Fig S3K) , and DEX treatment inhibited LSR and LDLR protein levels as compared with controls ( Fig 3D, Supplementary Fig S3L) , overall suggesting that miR-379 may regulate systemic VLDL-TG through its inhibitory impact on LSR and LDLR function. To address this hypothesis functionally, we performed genetic rescue experiments using LNA/shRNA adenovirus co-administration in wild-type mice, preventing the miR-379 LNAdependent induction of LSR protein expression through simultaneous shRNA-mediated inhibition of LSR ( Supplementary Fig S4B-D) . Ten days after LNA/ adenovirus co-delivery into the tail vein of mice, miR-379 silencing triggered hypotriglyceridemia ( Supplementary Fig S4E) while LSR inhibition alone caused an elevation of circulating VLDL-TG as described when compared with control littermates (Narvekar et al, 2009 ). Of note, the treatments left cholesterol parameters mostly unaffected ( Supplementary Fig S4F) . In the absence of functional hepatic LSR, miR-379 silencing still exerted an effect on total and VLDL-associated serum TG levels ( Supplementary Fig S4E and data not shown), suggesting that LSR alone does not explain the impact of miR-379 on systemic TG metabolism. Consistent with this assumption, LDLR protein levels were increased upon double miR-379/LSR knockdown ( Supplementary Fig S4B and C) . To test for a potential compensatory role of LDLR in the absence of LSR, we next employed wild-type and LDLR knockout (KO) animals (Ishibashi et al, 1993) in LNA/LSR shRNA adenovirus co-injection experiments to obtain a functional LSR/LDLR double deficiency in the liver (Fig 3E, Supplementary  Fig S4G-I) . While miR-379 silencing reduced serum cholesterol and TG in wild-type and/or LDLRKO mice ( Fig 3F, Supplementary Fig S4J) , the effect of miR-379 LNA delivery was completely abrogated in LDLR/ LSR double-deficient mice ( Fig 3F) , overall demonstrating that miR-379 determines circulating TG levels through a double impact on two components of hepatic TG clearance, that is, LSR and LDLR. Consistent with this notion, treatment of cultured cells with miR-379 mimics inhibited both protein expression ( Fig 3G) and luciferase reporter genes carrying wild-type LSR and LDLR miR-379 target sequences, while leaving mutated target sites unaffected ( Fig 3H and I) , thereby validating the specificity of the observed effects.
Hepatic silencing of miR-379 counteracts obesity-related hypertriglyceridemia
Antisense strategies targeting specific miRNAs have emerged as attractive therapeutic options for several human pathologies, including metabolic complications and viral diseases, thus recently prompting first clinical trials in this direction (Stenvang et al, 2012) . Given the current search for efficient and specific therapeutic modalities to overcome hypertriglyceridemia as the major cardiovascular risk factor in patients with the Metabolic Syndrome (Watts et al, 2013) , we were tempted to address the therapeutic potential of miR-379 in obesity-associated hyperlipidemia.
To this end, we silenced hepatic expression of miR-379 by LNA delivery into 12-week-old db/db mice with fully established hyperglucocorticoidemia, hyperlipidemia, and hyperglycemia. Seven days after LNA delivery, hepatic miR-379 deficiency ( Supplementary  Fig S5A) led to a marked reduction in serum VLDL-TG to wild-type levels (Fig 4A and C) and improved blood glucose levels along with an ameliorated insulin resistance index ( Supplementary Fig S5B,  Fig 4B) . In line with results from wild-type animals, miR-379 LNA treatment had no major effect on circulating cholesterol and corticosterone levels ( Supplementary Fig S5C-E) . Indeed, in congruence with the ApoB TG clearance properties of hepatic LSR and LDLR (Narvekar et al, 2009 ) and a concomitant induction of lipogenic gene expression ( Supplementary Fig S5F) , miR-379 deficiency promoted accumulation of TG in the liver ( Supplementary Fig S5G) and caused a significant induction of both LSR and LDLR protein expression as compared with control LNA-treated animals (Fig 4D,  Supplementary Fig S5H) . To corroborate these findings in an independent multigenic obesity model, we treated New Zealand obese (NZO) mice with miR-379-specific or control LNA ( Supplementary  Fig S5I) . In line with the results from the db/db studies, silencing of hepatic miR-379 significantly reduced serum VLDL-TG levels with a minor impact on serum cholesterol ( Supplementary Fig S5J and K,  Fig 4E) and elevated hepatic protein expression of both LDLR and LSR (Fig 4F, Supplementary Fig S5L) .
To validate our findings by an independent experimental system, we designed and employed a novel miR-379-specific Tough Decoy (TuD-Anti-miR-379) (Haraguchi et al, 2009 ) approach in db/db animals ( Supplementary Fig S6A) . Hepatic AAV-mediated delivery of TuD-Anti-miR-379 under control of a hepatocyte-specific promoter (Kulozik et al, 2011) induced LSR and LDLR protein expression in liver ( Fig 4G) and substantially decreased serum VLDL-TG levels in 14-week-old db/db mice ( Fig 4H, Supplementary  Fig S6B) , while only weakly impairing serum cholesterol levels ( Supplementary Fig S6C and D) . Importantly, TuD-Anti-miR-379 delivery into wild-type animals fed a high-fat diet for 12 weeks ( Supplementary Fig S6E-H) also lowered circulating VLDL-TG and cholesterol levels as demonstrated by FPLC ( Fig 4I, Supplementary  Fig S6I and J) even in the absence of overt hyperglucocorticoidemia under these conditions ( Supplementary Fig S6K) , indicating that miR-379 also controls systemic TG homeostasis under conditions of dietary energy excess.
Hepatic miR-379 levels correlate with serum cortisol and TG in human obese patients
Together, these studies demonstrate that the GC/GR-inducible miR-379 pathway represents a critical checkpoint in systemic dyslipidemia in diabesity and that selective targeting of miR-379 in the liver can be used as a therapeutic measure against GCdependent hypertriglyceridemia. To finally test the validity of this assumption in humans, we investigated hepatic miR-379 expression in a clinically well-defined cohort of more than 70 individuals ( Supplementary Table S1 ). In line with our experimental findings in animals, hepatic miR-379 levels were lower in lean individuals as compared with obese subjects ( Fig 5A) and positively correlated with serum cortisol and TG levels in this patient cohort as well as in the obese-only sub-cohorts, respectively ( Fig 5B-E) , indicating that the GC/GR-dependent control of the miR-379 pathway represents a conserved (patho)physiological mechanism in obesity-dependent lipid homeostasis.
Discussion
Our study identifies the first functional miRNA pathway downstream of the mammalian HPA-GC/GR signaling axis by demonstrating that miRNAs in the 379/410 cluster are key outputs of the GC/GR endocrine pathway under conditions of metabolic dysfunction ( Fig 6) .
Glucocorticoids regulate the expression of its target via binding with the GR and subsequent interaction of the complex to a specialized region of the gene. In case of miRNAs in the cluster, receptor dimerization might be necessary for the GC action ( Supplementary  Fig S1A) together with other transcription factors and co-regulators ( Supplementary Fig S1F) . By using the ChIP-configured UCSC Human Genome Browser, we were able to locate possible GRbinding sites in the vicinity of the hsa-miR-379 locus ( Supplementary  Fig S1F) . Previous GR ChIP-Seq results in C2C12 myotubes and 3T3-L1 adipocytes (Yu et al, 2010) likewise pinpointed GR-binding sites around the mmu-miR-379 gene. One of these sites proved to be a direct binding site in the expression of the miRNA in the liver ( Fig 1E) . Interestingly, the data we have mined from the human genome browser displayed features reminiscence of GC/GR regulation. First, upstream miR-379 gene are several DNasehypersensitive regions. It has been reported that these DNase-prone sites are observed prior to GR binding in the liver (Grange et al, 1989) . Second, in these DNase-hypersensitive sites, the GR-binding regions occur with the ChIP-Seq hits for transcriptional activators A Serum triglyceride levels in db/db mice treated with anti-miR-379 or scrambled control LNA (n = 7). Bar graphs show mean AE SEM; t-test: **P < 0.01. B Homeostatic model assessment for insulin resistance (HOMA-IR) of same animals as in (A). Bar graphs show mean AE SEM; t-test: **P < 0.01. C Triglyceride profiles of FPLC-fractionated serum of same animals as in (A) under fed conditions. VLDL peak is indicated. D Protein levels of LSR and LDLR from livers of same animals as in (A). Shown are the LSR-a (68 kDa) and LSR-b (56 kDa) subunits and the glycosylated LDLR (between 100 and 130 kDa) protein. E Triglyceride profiles of FPLC-fractionated serum of NZO mice treated with anti-miR-379 or scrambled control LNA (n = 7). VLDL peak is indicated. F Protein levels of LSR and LDLR from livers of same animals as in (E). G Protein levels of LSR and LDLR from livers of db/db mice treated with an anti-miR-379 or scrambled control Tough Decoy (TuD) construct delivered by rAAV 28 days post-injection (n = 8). H Triglyceride profiles of FPLC-fractionated serum of same animals as in (G) under fed conditions. VLDL peak is indicated. I Triglyceride profiles of FPLC-fractionated serum of C57Bl/6J mice fed with low-fat (10%) or high-fat (60%) diet for 12 weeks and treated with either anti-miR-379 or scrambled control Tough Decoy (TuD) construct delivered by rAAV. Mice were sacrificed 4 weeks after virus injection at 18 weeks of age. VLDL peak is indicated.
known to work with the GR like p300, the liver hepatocyte nuclear factor 4A, and CEBPB. The latter has been recently demonstrated to keep chromatin accessibility in the liver and allows GR recruitment to regulatory elements (Grontved et al, 2013) .
Recently, miRNAs in the miR-379/410 cluster have been demonstrated to be important in postnatal weaning of mouse newborns allowing the liver to adapt to changing glucose and lipid requirements of the organism (Labialle et al, 2014) . In rodents, the postnatal weaning period is accompanied by adrenocortical quiescence known as the 'stress non-responsive period' (SNRP) where GC levels are low allowing the animals to withstand stress and favor anabolic reactions for the growth of the organism. This SNRP has been shown to be counterintuitive in any other life stages (Sapolsky & Meaney, 1986 ). In humans, several studies have reported that prenatal maternal and postnatal stressors increase the risk for type 2 diabetes, obesity, and elevated VLDLs in later life (Maniam et al, 2014) . These reports, together with the mechanism we proposed of how a GCresponsive miRNA in the cluster can regulate systemic TG and VLDL levels, suggest a very interesting unifying model of how all these are interrelated. Follow-up studies are necessary to explore other miRNAs induced by GCs in the cluster as they may also unravel another layer of metabolic control by miR-379/410 cluster members.
Of note, the miR-379/410 cluster region has been genetically linked to growth deficiency, respiratory insufficiency, precocious puberty, obesity, and type 1 diabetes in both mice and humans 
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A Hepatic miR-379 levels in obese patients (n = 64) and healthy controls (n = 10). Bar graphs show mean AE SEM; t-test: ***P < 0.001. B, C Serum triglyceride (B) and cortisol (C) levels in obese and healthy control individuals. Bar graphs show mean AE SEM; t-test: **P < 0.01 or *P < 0.05. D, E Correlation analyses of human hepatic miR-379 and serum cortisol (D) or triglycerides (E) (n = 74). Shown are the Spearman's rank coefficients and P-values.
Sample population was stratified into diabetic obese, non-diabetic obese, and controls based on statistically significant interaction effects of the groups and serum parameters in a multiple linear regression model. consequences of aberrant GC/GR action significantly overlap with these phenotypes, it is tempting to speculate that the HPA/GC/GR pathway-at least partly-serves as a master control also of nonmetabolic targets of the miR-379/410 cluster, thereby establishing the GR-miR-379/410 axis as a critical molecular hub for hormonedependent metabolic and developmental control throughout mammalian evolution. Given the importance of GC function for human (patho-)physiology and the correlation of miR-379 with metabolic parameters in a human patient cohort, it is likely that modulation of miR-379 activity will significantly impact distinct features of systemic energy homeostasis also in humans ( Fig 5) . In this respect, the levels of serum TG are contributed by the TG-rich lipoproteins (TRLs), primarily chylomicrons and VLDL. The levels of VLDL-TGs in turn depend on peripheral clearance via lipoprotein lipase (LPL) action, rate of secretion by the liver, and clearance of lipoprotein remnants. The knockdown of miR-379 in the liver of wt and db/db mice did not affect LPL activity and the rate of VLDL secretion (Supplementary Fig S3B and C) , supporting the hypothesis that TRL clearance represents the dominant mechanism of miR-379 action.
Consistent with previous reports, our data indicate that (i) the liver is the major site of TRL clearance under normal room temperature conditions (Fig 3B, Supplementary Fig S3D) and (ii) TRL clearance occurs remarkably fast (Redgrave, 1973; Spady, 1992; Pirillo et al, 2014) . Indeed, chylomicron and VLDL remnants, which are similar in size and composition, have previously been found to be rapidly cleared by the liver (Mahley & Huang, 2007; Williams & Chen, 2010) , which is consistent with our TRL/VLDL uptake studies. Also, recent kinetic studies in obese, diabetic men suffering from hypertriglyceridemia demonstrated that basal VLDL-TG clearance was significantly lower compared to healthy controls (Sondergaard et al, 2012) , which is in congruence with our data in human patients, showing that hepatic miR-379 levels correlate with both serum cortisol and TG levels in obese individuals (Fig 5D and E) . While hepatic VLDL hypersecretion clearly represents a critical feature in obesity-related hypertriglyceridemia (Ginsberg, 2002) , these data allow the hypothesis that also defects in hepatic VLDL clearance may significantly contribute to lipid metabolic dysfunction in the Metabolic Syndrome.
Mechanistically, TRL clearance works in several steps involving the action of LDLR, LRP (LDLR-related protein), LSR, VLDLR, and HSPGs (heparan sulfate proteoglycans) (MacArthur et al, 2007) . The TRL remnant particles are sequestered into the hepatic Space of Disse from endothelial fenestrae which are absent in adipose tissue capillaries (Yen et al, 2008) . Our in silico miRNA target gene screening showed that miR-379 targets most of these receptors. However, we were only able to identify LSR and LDLR as valid and functional targets of miR-379. This is consistent with reports stating that both LSR and LDLR are severely compromised in hyperglucocorticoidemic db/db mice (Narvekar et al, 2009 ) as well as our functional characterization of miR-379 deficiency upon which these receptors are upregulated, an effect that can be rescued by simultaneous LSR/LDLR double-knockdown ( Fig 3E and F; Supplementary Fig S4G-I) . In line with these findings, also the LDLR has been reported to effectively clear TG as seen in the mild but significant elevation of serum TG levels in LDLR KO mice, and demonstrated by recent TG-rich lipoprotein uptake studies (Ishibashi et al, 1996; Foley et al, 2013) . Of note, the LDLR was found to represent the predominant TG clearance pathway under conditions of chronic metabolic dysfunction (i.e. dietinduced obesity (DIO)) (Foley et al, 2013) , acting independently from the HSPG system, which is consistent with our findings in db/db, NZO, and DIO mouse models (R.M. de Guia, A.J. Rose, A. Sommerfeld, A. Krones-Herzig, M. Berriel Diaz, S. Herzig, unpublished data).
In both mice and humans, high levels of GC in the blood are correlated with dysfunctional metabolic phenotypes as associated with the Metabolic Syndrome and Cushing's syndrome. Whether obesity is associated with increased cortisol levels is still a matter of debate. However, multiple studies actually show increased cortisol in obese humans (Anagnostis et al, 2009 ) which we have also seen in our study ( Fig 5) . In addition, recent clinical data argue for a contribution of GC signaling to fatty liver phenotypes in human obese patients (Stefan et al, 2014) . In the present study, LNA-and TuD-mediated knockdown of miR-379 resulted in decreased total serum and VLDL triglycerides in db/db, NZO, and high-fat diet-fed mice (Fig 4) with tendencies to likewise affect cholesterol levels ( Supplementary  Fig S5D and K) . Interestingly, our rather short-term HFD feeding experiment did not lead to elevations in circulating GC levels, thus likely representing a non-GC-associated obesity phenotype. Importantly, knockdown of miR-379 was still able to lower circulating TG levels under these conditions ( Fig 4I) , indicating (i) that miR-379 has additional as yet not identified targets under HFD conditions and (ii) that miR-379 inactivation could still have therapeutic benefits in obese patients without elevation in circulating GC levels.
These results, therefore, present potentially new way to manage hypertriglyceridemia in obesity and other GC-related pathologies. To date, high statin dosage, fibrates, niacin, and omega-3 fatty acids are being used to treat hypertriglyceridemia. Most of these pharmacotherapies, alone or in combination, can reduce human serum TG levels from 20 to 50% (Kramer, 2013) , thereby reflecting the same range of reduction we observed in mouse models upon miR-379 knockdown. Although additional studies are needed, we did not observe any harmful effects of LNA-and AAV-mediated TuD in mice. Our LNA-based miR-379 inhibition supports the growing interest in the use of LNA-based therapeutics in the management and treatment of diseases (Esau et al, 2006; Rayner et al, 2011) . The use of vector-encoded TuD, on the other hand, is a relatively new mode inhibiting miRNAs which could have potential application in the future (Bak et al, 2013) . Since anti-hyperlipidemic antisense drugs have been approved by the FDA recently (Kramer, 2013) , the identification of a GC/GR-controlled miRNA may thus not only pave the way to alternative strategies in minimization of side effects in GC therapy but also as-yet non-explored miRNA-based approaches in targeting hypertriglyceridemia and other components of the Metabolic Syndrome.
Materials and Methods

Recombinant viruses
For long-term inactivation of the GR, adeno-associated viruses (AAV) encoding GR-specific miRNA (miR) were established as described previously (Rose et al, 2011) . Recombinant viruses were produced in 293T cells through triple co-transfection of the recombinant viral backbone vector with the helper plasmids. Viruses were purified using the iodixanol method, dialyzed, and titrated by qPCR.
For liver-specific overexpression of miR-379, the same recombinant viral backbone vector was used as above. miR-379 genomic sequence AE 100 bp was PCR amplified with primers harboring BglII and SalI restriction sites. PCR product was then digested with the appropriate restriction enzymes and cloned into pcDNA6.2-GW/ EmGFP-miR (BLOCK-iTTM PolII miR RNAi Expression Vector Kit; Invitrogen, Darmstadt, Germany). The construct was then tested in Hepa1-6 cell line and primary hepatocytes together with the corresponding control prior to sub-cloning into the AAV vector. Adenoviruses expressing LSR-specific or non-specific control oligonucleotides were cloned as described previously Narvekar et al, 2009) . Viruses were purified using the CsCl method and dialyzed against phosphate-buffered saline containing 10% glycerol prior to animal injection.
Design and synthesis of LNA oligonucleotides
The LNA oligonucleotides were synthesized as unconjugated and fully phosphorothioated oligonucleotides (Exiqon A/S, Vedbaek, Denmark). The perfectly matching 15-mer LNA-anti-miR oligonucleotide (5 0 -GTTCCATAGTCTACC-3 0 ) was complementary to nucleotides 2-16 in the mature miR-379 sequence. The scrambled control LNA oligonucleotide was synthesized with the following sequence: 5 0 -ACGTCTATACGCCCA-3 0 .
Construction of anti-miR-379 Tough Decoy
The Tough Decoy (TuD) construct and corresponding scrambled control were designed as previously described (Haraguchi et al, 2009) . Briefly, TuD-Anti-miR-379 was designed to contain two miR-379 binding sites in a stem1-miR-binding-site-stem2 structure ( Supplementary Table S2 ). The scrambled control was designed using siRNA Wizard 3.1 (http://www.sirnawizard.com/scrambled.php). The oligonucleotide pairs were annealed and cloned into pcDNA TM 6.2-GW/EmGFP (Invitrogen, Darmstadt, Germany). The construct was tested in vitro and the efficiency of knockdown assessed by RT-qPCR and Northern blot (data available upon request). The decoy sequences were then sub-cloned into the AAV vector.
Animal experiments
Male, 8-to 12-week-old C57BL/6J, db/db, New Zealand black (NZB), and New Zealand obese (NZO) were obtained from Charles River Laboratories (Brussels, Belgium). GRdim/dim, GRAlfpCre, and corresponding wild-type littermates were obtained and bred as previously described (Rose et al, 2011) . All mice were maintained on a 12-h light/dark cycle with regular unrestricted diet and had free access to drinking water. In all cases, mice were acclimated to the housing facility and control diet food (% kcal: 70 carbohydrate, 20 protein, 10 fat; Research Diets Inc, New Brunswick, NJ, USA) for at least 1 week prior to experimentation. For high-fat diet studies, C57BL/6J mice were fed for 12 weeks with 60% kcal fat-containing diet (Research Diet D12492) or 10% kcal fat (Research Diet D12450B) as control.
To examine the effects of long-term liver GR knockdown on the expression of miRs, mice were administered with 5 × 10 11 viral genomes of non-specific negative control or GR-specific miR bearing AAV. Mice were kept on normal diet for 6 weeks after which fasted overnight for 14-16 h and then euthanized.
In additional experiments, 7-to 10-week-old male homozygous GR dimerization deficient (GRdim/dim) (Reichardt et al, 1998) and wild-type littermates were treated daily i.p. with 9a-fluoro-16amethylprednisolone (DEX, 1 mg/kg; Sigma-Aldrich, Munich, Germany) or vehicle (Veh, 2% ethanol in isotonic saline) for 28 days after which they were sacrificed in the overnight fasted state. To examine the effects of genetic hepatocyte-specific knockout of GR in mice, liver samples from GRAlfpCre (Opherk et al, 2004) and wild-type littermates were taken in the fasted state as previously reported (Lemke et al, 2008) .
To investigate the metabolic effects of the loss of miR-379 in the liver, C57BL/6J, NZO, and db/db mice (The Jackson Laboratory, ME, USA) were injected i.v. with 15 mg/kg BW of anti-379-specific LNA or scrambled control (both reconstituted in water and diluted with isotonic saline) for two consecutive days. Mice were then euthanized 7 days or 14 days post-injection in the random fed state. An independent study was done using liver-specific rAAV Tough Decoy constructs. Mice (db/db or high-fat diet-fed) were administered i.v. with 5 × 10 11 viral genomes of TuD-Anti-miR-379 or TuDscrambled miR-binding-site-containing AAV. Mice were kept on normal diet until sacrificed at week 4.
To evaluate whether the metabolic effects of miR-379 inhibition are still observable upon knockdown of LSR, C57BL/6J mice were injected i.v. with adenoviruses expressing LSR-specific or nonspecific shRNAs as described previously (Narvekar et al, 2009 ). Three days after virus injection, mice were injected with anti-miR-379-specific LNA or scrambled control as indicated above. Mice were then euthanized after 7 days post-LNA injection.
To investigate the LSR and LDLR regulation by miR-379, LDLR knockout mice (LDLRKO) (The Jackson Laboratory) were utilized. LDLRKO animals were injected with adenoviruses expressing LSR-specific or non-specific shRNAs as described above. Three days after virus injection, mice were injected with anti-miR-379-specific LNA or scrambled control as indicated above. Mice were then euthanized after 7 days post-LNA injection. The experiment was done alongside C57BL/6J mice injected with the non-specific control adenovirus and anti-miR-379-specific LNA or scrambled control.
Organs including liver, brown adipose tissues, perigonadal fat pads, heart, intestine, and gastrocnemius muscles were collected after the corresponding time periods, weighed, snap-frozen, and used for further analysis. Whole blood was also collected for serum isolation which was then kept at À80°C until needed for analyses. Total body fat content was determined by an EchoMRI body composition analyzer (Echo Medical Systems, Houston, TX, USA).
In each animal experiment, mice were randomly assigned to each group. Number of animals per group to detect biologically significant effect sizes was calculated using appropriate statistical sample size formula and indicated in the biometrical planning section of the animal license submitted to the governing authority. Blinding was not done during animal group allocation but in some measurements made in the study (i.e. Hepatic VLDL Release Assay). Animal handling and experimentation was performed in accordance with the European Union directives and the German animal welfare act (Tierschutzgesetz) and approved by local authorities (Regierungspräsidium Karlsruhe).
Tissue and serological metabolite and hormone analyses
To ensure an analysis representative of the whole liver, frozen liver samples were pulverized (Bessman Tissue Pulveriser, 189-476; VWR International GmbH, Darmstadt, Germany) and subsequent tissue powder aliquots were weighed and prepared for analyte extractions. Hepatic lipids were extracted as described previously .
Serum levels of glucose were measured using an automated analyzer (One Touch; Lifescan, Neckargemü nd, Germany). Commercially available kits were used to quantify serum, triglycerides (Sigma-Aldrich), cholesterol (RANDOX, Crumlin, NIR), nonesterified fatty acids (WAKO, Neuss, Germany), ketone bodies (WAKO), alanine amino transferase (Fischer Scientific, Schwerte, Germany), corticosterone (Assay Designs, Ann Arbor, MI, USA), and insulin (Mercodia, Uppsala, Sweden). Liver TG, cholesterol, free fatty acids, and ketone bodies were analyzed from the extracts using the same commercial kits as for serum analysis. Values were calculated as millimol per liter (serum) or per gram wet tissue (liver).
Fast-protein liquid chromatography
Serum from specified number of mice per experimental group was pooled and subjected to fast-protein liquid chromatography as previously described (Lichtenstein et al, 2007) . Cholesterol and TG were measured in the eluted fractions using commercial kits as above. Values were calculated as lg of triglyceride or cholesterol per fraction.
Hepatic VLDL release
Very-low-density lipoprotein production was determined after tyloxapol (Sigma, Munich, Germany) injection as described (Mandard et al, 2006) . Briefly, seven db/db mice per group were fasted for 4 h. Forty (40) ll of blood was drawn from each mouse by cutting the tip of the tail. The volume of tyloxapol in ll required per mouse was approximately three times that of the weight of the mouse in grams, that is, a 25-g mouse required 75 ll of a 20% solution. Specified amounts were administered via the tail vein, and 40 ll blood samples were taken every 50 min for 2.5 h. The mice were eventually sacrificed after 300 min. The serum TG values were determined (see above) and plotted versus time.
Lipid and lipoprotein clearance studies
Oral lipid tolerance test with 3 H-triolein Oral fat tolerance test was performed essentially as described previously (Bartelt et al, 2011) . In particular, overnight (~16 h, 15-09 h) fasted mice were orally gavaged with 100 ll olive oil (O1514; Sigma-Aldrich, DEU) containing 0.37 MBq of [9,10-3 H(N)]-triolein (Hartmann Analytic GmbH, DEU) per mouse. 50 ll of tail vein blood samples was collected for serum isolation before and at 1, 2, and 4 h after oral fat administration. Mice were sacrificed after collection of blood at the last time point. The liver, brown adipose tissue, perigonadal white adipose tissue, gastrocnemius skeletal muscle, heart, and small intestine were collected, weighed, and snap-frozen in LN 2 . VLDL was isolated from 10 ll serum using precipitation buffer (K613-100; BioVision, CA, USA) and resuspended in PBS. The VLDL precipitation/isolation method was validated by measuring the ApoB levels and absence of ApoA1 (data not shown). Serum and VLDL-TG were quantified as indicated above. Aliquots of tissues were extracted using Solvable TM (Perkin Elmer Inc, Rodgau, Germany, DEU). The serum, VLDL isolates, and tissues extracts were counted for 3 H activity using standard scintillation counting (Packard 2200CA Tri-Carb Liquid Scintillation analyzer; Packard Instruments, Meriden, CT, USA). Tissue clearance rates were calculated based upon the specific activity of the administered 3 H-olive oil (cpm/mol), assuming that 100% of the 3 H-triolein was incorporated into the olive oil, along with tissue counts (cpm) and mass (g), and time (h) of collection after administration.
VLDL isolation
Very-low-density lipoprotein was isolated from serum samples obtained from 6 to 20 wt mice by ultracentrifugation as described (Redgrave et al, 1975) . Briefly, 3.5 ml serum was put in a polyallomer tube SW40Ti and mixed with 1.39 g KBr. The mixture was overlayered with 332.8 ml of a KBr solution (D = 1.063, 1.019, and 1.006 g/ml) and run for 18 h at 217,000 g in an ultracentrifuge (Beckman Coulter GmbH, Krefeld, DEU). VLDL was carefully removed from the topmost gradient and subsequently measured for TG content.
VLDL-3 H TG clearance
Ex vivo VLDL labeling and clearance study in mice were performed as previously described (Bartelt et al, 2011) with some modifications. The turnover study was conducted by intravenous injection of 2 mg VLDL-TG with 0.37 MBq of [9,10-3 H(N)]-triolein (Hartmann Analytic GmbH, DEU) per mouse. The isolated VLDL-TG was labeled by adding the calculated amount into a tube containing dried 3 H-triolein. After very gentle agitation at 4°C overnight, the mixture was re-suspended in 0.9% saline. Mice were fasted for 4 h. 25 ll of blood samples was collected for serum isolation at different times after i.v. tail vein administration of VLDL: 0.5, 1, 2, and 4 min. Mice were sacrificed after collection of blood at the last time point. The liver, brown adipose tissue, perigonadal white adipose tissue, and gastrocnemius skeletal muscle were collected, weighed, and snap-frozen in LN 2 . The organs were processed as described above. The serum and tissues extracts were counted for 3 H activity using standard scintillation counting (Packard 2200CA Tri-Carb Liquid Scintillation analyzer; Packard Instruments). Serum 3 H-VLDL levels were calculated based upon the specific activity of the administered 3 H-TG-VLDL (cpm/mol), assuming that 100% of the 3 H-triolein was incorporated into the VLDL. Tissue clearance rates were calculated based upon the specific activity of the administered 3 H-TG-VLDL (cpm/mol), along with tissue counts (cpm) and mass (g), and time (min) of collection after administration.
LPL activity
LPL activity measurements were performed as described using frozen adipose tissue samples.
Glucose tolerance test
Glucose tolerance tests were performed as described (Kulozik et al, 2011) .
Pyruvate tolerance test
Mice were fasted for approximately 16-18 h before the experiment. Prior to pyruvate injection, the body weight of the mouse was measured and the basal glucose level was determined by bleeding the mouse from the tail and measuring with the use of glucometer. The mice were then injected intraperitoneally with 10 ll/g body weight of 20% (w/v) pyruvate solution (in 0.9% NaCl diluent) giving a dose of 2 g/kg BW. The measurement of blood glucose was taken by sampling blood from the tail at 20, 60, 120, and 240 min after injection.
RNA isolation and quantitative taqman RT-PCR
Total RNA was extracted from homogenized mouse liver or cell lysates using Qiazol reagent and miRNeasy Mini Kit (Qiagen, Hilden, Germany). cDNA was prepared by reverse transcription using the M-MuLV enzyme and Oligo dT primer (Fermentas, St Leon-Rot, Germany). cDNAs were amplified using assay-on-demand kits and an ABI PRISM 7700 Sequence detector (Applied Biosystems, Darmstadt, Germany). RNA expression data were normalized to levels of TATA-box binding protein (TBP) RNA. For miRNA RT-PCR, Applied Biosystems' TaqMan MiRNA Reverse Transcription Kit (Life Technologies GmbH, Darmstadt, Germany) was used together with TaqMan MiRNA Assay Primer. snoRNA-202 was used as internal control for miRNA quantifications.
Protein analysis
Protein was extracted from frozen organ samples, cultured cell lines or primary cells in cell lysis buffer , and 10 mg of protein was loaded onto 5-12% SDS-polyacrylamide gels and blotted onto nitrocellulose membranes. Western blot assays were performed as described (Herzig et al, 2001) using antibodies specific for LSR (DKFZ, Heidelberg, Germany), LDLR (ab30532; Abcam), FoxO1 (9454; Cell Signalling), p-FoxO1 (9461; Cell Signalling), actin (A5441; Sigma), or VCP (ab11433; Abcam). Band optical densities were quantified using ImageJ software (NIH).
Histological examinations
For hematoxylin and eosin (H&E) and oil red O lipid staining, 5-mm cryosections of liver embedded in Tissue Tek OCT compound (Sakura, Netherlands) were fixed in Baker's formol. Nuclei were counterstained with hematoxylin.
Cell culture and transfections
Cells were cultured with 10% FBS in DMEM (HEK293, Hepa1-6, and FAO hepatoma; ATCC, VA, USA) supplemented with glutamine in the presence or absence of antibiotics depending on the mode of transfection application. For in vitro dexamethasone treatments, cells were conditioned in culture for 2 weeks in charcoal-stripped FBS prior to steroid treatment. Plasmid constructs, miR mimics (Fisher Scientific, Schwerte, Germany), and LNAs (Exiqon A/S) were transfected into cells using PEI (Polysciences Europe GmbH, Eppelheim, Germany), Promofectin (for primary hepatocytes) (Promocell GmbH, Heidelberg, Germany), Lipofectamine 2000 (Invitrogen, Karlsruhe, Germany), or CaCl 2 method according to the manufacturer's or using the standard protocol. Plasmid constructs were transfected from 50 to 2,000 ng amounts, while miR mimics and LNAs were transfected from 50 to 100 nM concentrations. In all cell culture studies, cells were transfected at 50% confluency. The effect of overexpression/knockdown constructs, mimics, or LNAs were evaluated 24-48 h post-transfection.
Primary mouse hepatocytes were isolated and cultured as described (Klingmuller et al, 2006) .
Reporter constructs and dual-luciferase assay
Oligonucleotides with integrated XhoI and NotI sites corresponding to conserved LSR and LDLR miR-379 binding sites ( Supplementary  Table S2 ) predicted by RNA22 were annealed and cloned into psiCHECK TM -2 vector. Matching oligos containing the mutated binding site sequence were also prepared. For the dual-luciferase assay, HEK293A cells at 8,000 cells/well density were seeded in 96-well plate. The cells were transfected with 75 ng of the psiCHECK TM -2 vector and 5 nmol of miR mimics (Fisher Scientific) using Lipofectamine 2000 (Invitrogen, Karlsruhe, Germany). Cel-miR-239b was utilized as a negative control. Firefly and Renilla luciferase activities were measured 48 h after transfection using a dual-luciferase reporter assay kit (Promega, Mannheim, Germany). Renilla luciferase activity was normalized using firefly luciferase activity.
Seahorse b-oxidation metabolic flux assay
Mitochondrial b-oxidation activity was determined using an XF96 Extracellular Flux Analyser (Seahorse, Copenhagen, Denmark). Prior to the experiment, 1,000 Hepa1-6 hepatoma cells were seeded per well in a 96-well format and transfected with miR-379 overexpression and knockdown constructs using Lipofectamine 2000 (Invitrogen, Karlsruhe, Germany). The assay was performed according to the manufacturer's protocol and using 200 lM BSA-palmitate conjugate, 0.5 mM carnitine (Sigma-Aldrich), and 100 lM etomoxir (Sigma-Aldrich). Oxygen consumption rate was calculated and normalized to protein content as determined by sulforhodamine B staining.
Chromatin immunoprecipitation
Liver tissue powder samples from DEX or vehicle-treated wild-type mice were fixed with formaldehyde in PBS, and ChIP assays were performed as described (Canettieri et al, 2003) using antibodies specific for GR (Cat. No. sc-1004: Santa Cruz Biotechnology Inc, Heidelberg, Germany), or non-specific anti-HA antibody (Cat. No. sc-805: Santa Cruz Biotechnology Inc, Germany). Precipitated DNA fragments were analyzed by PCR amplification using primers directed against three distinct promoter regions within the miR-379 locus. Identical results were obtained by using a second, isotypespecific control antibody.
Microarray expression profiling
miR profiling was performed on hepatic total RNA extracts from [1] wild-type and db/db mice and from [2] control mice and rAAVtreated mice for liver-specific GR knockdown. RNA isolation, cDNA and cRNA synthesis, and hybridization to arrays of type GeneChip miRNA 2.0 Array (Affymetrix, Freiburg, Germany) were performed according to the manufacturer's recommendations. Four arrays per group were hybridized. Microarray data were analyzed based on ANOVA using a commercial software package (Micro Array Solution, version 1.0; SAS Institute, Cary, NC, USA). Standard settings were used, except for the following specifications: Log-linear mixed models were fitted for values of perfect matches, with genotype considered to be constant and the array identification, random. Custom CDF with Unigene-based gene/transcript definitions was used to annotate the arrays. Affected biological pathways reflected by the differential gene expression were determined by ORA based on Fisher's exact test. Microarray data were deposited in the GEO data repository.
Northern blotting
Twenty to forty microgram of total RNA was separated on 15% TBEurea polyacrylamide gels and semi-dry transferred to Hybond N+ membrane (Amersham, GE Healthcare, Germany). Complete LNA probe complementary to miR-379, miR-122, and let-7a was designed as described in the miRNA registry (http://www.sanger.ac.uk/). 20 pmol of the probe was labeled with T4 polynucleotide kinase (New England Biolabs) and 20 lCi of [c-32 P] ATP (250 lCi; Perkin Elmer Inc). Hybridizations were performed at 50°C for 16 h in a 100 ml of the small RNA hybridization buffer (formamide, 1 M NaCl, 0.2 M sodium phosphate, 0.04 M EDTA, Denhardt's solution, SDS). The membrane was washed several times and exposed to an erased phosphor screen which was then scanned and analyzed after at least 4 h. For stripping and re-probing, the membrane was incubated at RT with boiling stripping solution (0.02× SSC Á 0.01% SDS) and hybridized with another probe after 30 min of pre-hybridization. U6RNA probe (5 0 -CACGAATTTGCGTGTCATCCTT-3 0 ) was used as loading control.
Ex vivo human liver study
To examine the effects of glucocorticoid treatment to human hepatic miRs, a healthy piece of freshly re-sected liver from an individual (age: 51 years, sex: female) undergoing liver surgery to remove a tumor was utilized. From this sample, small pieces (10-20 mg) were carefully dissected and incubated (37°C, 5% CO 2 ) in quadruplicate in non-adhesive tissue culture plates (Greiner Bio-One, Frickenhausen, Germany) in Williams' medium E (+ 2 mM L-glutamine and 0.1% BSA; Biochrom AG, Berlin, Germany) containing 0.11% EtOH (Vehicle), 1 lM RU486 (Sigma-Aldrich), 0.1 lM DEX (Sigma-Aldrich), and 1 lM RU486 + 0.1 lM DEX. Samples were incubated for 30 min prior to treatment with or without RU486. Incubations were ceased at 3 h after treatment upon which the tissue pieces were washed with PBS, rapidly frozen in liquid nitrogen, and stored at À80°C until needed. Each volunteer gave written informed consent before participation, and the study was approved by the local ethics committee.
Human liver samples
Subjects miR-379 expression was investigated in liver tissue samples obtained from 10 Caucasian healthy donors and 64 Caucasian obese men and women with (n = 27) or without (n = 37) type 2 diabetes who underwent open abdominal surgery for Roux-en-Y bypass, sleeve gastrectomy or elective cholecystectomy. A small liver biopsy was taken during the surgery, immediately frozen in liquid nitrogen, and stored at À80°C until further preparations. The phenotypic characterization of the cohort has been performed as described previously (Kloting et al, 2010) . All baseline blood samples were collected between 8 and 10 am after an overnight fast. All study protocols have been approved by the ethics committee of the University of Leipzig (363-10-13122010 and 017-12-230112) in accordance with the principles of the WMA Declaration of Helsinki. All participants gave written informed consent before taking part in the study.
hsa-miR-379 studies
Human miR-379 mRNA expression was measured by quantitative real-time RT-PCR in a fluorescent temperature cycler using the TaqMan assay, and fluorescence was detected on an ABI PRISM 7000 sequence detector (Applied Biosystems). Total RNA was isolated as described above. Applied Biosystems' TaqMan MiRNA Reverse Transcription Kit (Life Technologies GmbH) was used together with TaqMan MiRNA Assay Primer for hsa-miR-379 to quantify the miRNA level. RNU58B was used as internal control for miRNA quantifications.
Bioinformatics and miRNA target site analysis UCSC Genome Browser (http://genome.ucsc.edu/index.html) was utilized to identify putative promoter region of the miRNA and scan the region for results of experiments from transcription factor ChIP-Seq (Meyer et al, 2013) . For miR target prediction, RNA22 (https:// cm.jefferson.edu/rna22v1.0/) and MiRTiF (http://mirtif.bii.a-star. edu.sg/) were utilized. DAVID Bioinformatics Resources 6.7 (http:// david.abcc.ncifcrf.gov/) was used for functional annotations of the predicted targets which include filtering for liver targets and cluster annotation.
Statistical analyses
All analyses were carried out with SigmaPlot v.12 software (Systat Software GmbH, Erkrath, Germany). For each experiment, means and SEM of continuous variables were determined. Statistical analyses with two groups were performed using Student's or paired t-test in one-factorial designs. For multifactorial study designs, two-way ANOVA was used when appropriate. Holm-Sidak post hoc was applied when significant differences were found with an overall significance level < 0.05. In cases of non-conformity to normality, nonparametric tests were utilized (i.e. Mann-Whitney U-test, Kruskal-Wallis test). Multiple linear regression modeling was utilized in human data which included the major variables (serum cortisol, TG, and hepatic miR-379 levels) and respective interaction with stratifying categorical variable (controls, diabetic obese, nondiabetic obese) to detect multicollinearity. Correlation of variables was determined using Pearson's or Spearman's rank correlation analysis.
Supplementary information for this article is available online: http://emboj.embopress.org
